Summary The development of certain human cancers has been linked with inadequate intake of folates. The effects of folate deficiency in vivo on DNA stability (strand breakage, misincorporated uracil and oxidative base damage) in lymphocytes isolated from rats fed a diet deficient in folic acid was determined. Because the metabolic pathways of folate and other methyl donors are closely coupled, the effects of methionine and choline deficiency alone or in combination with folate deficiency were determined. Feeding male Hooded Lister rats a folatefree diet for 10 weeks created a moderate folate deficiency (25-50% (approx.) decrease in plasma, red blood cell and hepatic folate concentrations (P < 0.05) and a 20% rise in plasma homocysteine (P < 0.05)). Lymphocyte DNA strand breakage was increased successively in all groups after 4 weeks and 8 weeks on the diet (50-100% (approx.) after 8 weeks). Only low folate specifically and progressively induced uracil misincorporation throughout the study (100% (approx.) after 8 weeks). Neither folate deficiency nor choline/methionine deficiency altered oxidative DNA base damage. In summary, moderate folate deficiency in vivo is associated with a decrease in DNA stability, measured as increased DNA strand breakage and misincorporated uracil.
Folate, via its ability to donate or accept one-carbon units, is essential in more than 100 biochemical reactions. As mammals are unable to synthesize folic acid de novo it must be obtained from the diet. Dark green leafy vegetables, fruit juice, liver, bread and cereals are the principal sources of folate in the human diet (Bailey, 1995) . However, in Northern Europe, a substantial part of the population does not consume the average recommended folate intake of 200 µg per day (DeBree et al, 1997) . Poor folate status has been implicated in the pathology of several human diseases. For example, folate deficiency throughout the periconceptional period of pregnancy is associated with an increased risk of giving birth to a child with neural tube defects (Czeizel, 1993) . Similarly, insufficient dietary folate intake is associated with an increased risk of coronary heart disease (Verhoff et al, 1995) . Moreover, folate deficiency has been implicated in the development of cancer of the cervix, lung, pancreas and colon (Glynn and Albanes, 1994; Stolzenberg-Solomon et al, 1999) .
One proposed mechanism whereby folate deficiency may increase the risk of malignant transformation is by negatively effecting DNA synthesis and repair.
Folic acid is fundamental for the synthesis of purines and the pyrimidine nucleoside thymidine. Deoxyuridine monophosphate (dUMP) is converted to thymidine monophosphate (TMP) by thymidylate synthetase using 5,10-methylenetetrahydrofolate as methyl donor. If folate is limiting, the balance of DNA precursors may be altered leading to dUMP accumulation and incorporation of uracil into DNA in place of thymine. Under normal conditions the DNA repair enzyme, uracil DNA glycosylase, extracts any misincorporated uracil from the DNA strand. Subsequent DNA repair enzymes remove the base-free sugar, causing a transient breakage in the DNA molecule which is sealed by DNA ligase. However, if folate is continually limited, uracil misincorporation and repair may occur continually in a 'catastrophic' repair cycle. This repeated breakage of the DNA molecule might ultimately lead to chromosomal damage and malignant transformation (Reidy, 1987 (Reidy, , 1988 Blount and Ames, 1994) .
In this study we have investigated the effects of dietary folate deficiency in vivo on DNA stability in rats. As folate is important for the regeneration and metabolism of other cellular methyl sources, these parameters were also measured in rats fed a diet deficient in the methyl donors, methionine and choline.
MATERIALS AND METHODS

Materials
LymphoPrep lymphocyte separation medium (LSM) was from Nycomed UK (Birmingham, UK). Ultrapure low melting point (LMP) and electrophoresis grade high melting point (HMP) agarose were from Gibco Life Technologies (Paisley, UK). DAPI (4′,6-diamidine-2-phenylindole dihydrochloride) was obtained from Boehringer Mannheim (Lewes, UK). Uracil DNA glycosylase (1 unit ml -1 ) was from Helena Biosciences (Sunderland, UK). Fetal calf serum (FCS) was from Globepharm Ltd (Surrey, UK Endonuclease III and fapyglycosylase were prepared in the laboratory from overproducing plasmid vectors (Asahara et al, 1989) .
Animals and diets
Isoenergetic diets containing 112 g casein protein kg -1 were formulated (Table 1) as described previously (Grant et al, 1993) . Mineral and vitamin mixes were in accordance with NRC recommendations and prepared as before (Grant et al, 1993) with the exception that the vitamin mix was devoid of folic acid and choline chloride. Diets were prepared at 2-week intervals and stored at -20˚C when not in use.
All procedures were carried out in strict accordance with the requirements of UK Animals (Scientific Procedures) Act 1986. 40 male Hooded-Lister (Rowett strain) rats were used. They were weaned at 19 days, group housed and given free access to a lactalbumin-based semi-synthetic control diet (Grant et al, 1993) until they reached 95-100 g (40 days old). They were subsequently individually housed and offered a fixed amount (12 g d -1 ) of the same control diet for 5 days.
Blood samples (tail vein) were collected for 'comet analysis' from 8 untreated rats. These rats were subsequently killed by anaesthetic overdose (halothane) and exsanguination via cardiac puncture, and blood taken for plasma, erythrocyte and lymphocyte preparation. The remaining rats were fed the appropriate experimental diet (Table 1 ; 8 per diet) exclusively for 10 weeks. They were given a fixed amount of diet daily throughout the study; initially 12 g rat -1 d -1 , increasing to 15 g rat -1 d -1 after 1 week and to 16.5 g rat -1 day -1 from 6 weeks onwards. All food was eaten. The amount offered was equivalent to 90-100% of normal free intake of semi-synthetic diet. Water was freely available at all times and the rats were weighed daily. Blood samples (tail vein) were collected from all rats at 4 and 8 weeks. After 10 weeks, the rats were killed by anaesthetic overdose and exsanguination as before and blood collected.
Isolation of rat lymphocytes for comet analysis
DNA instability was measured in rat lymphocytes at regular intervals throughout the experimental period. Whole blood (approx. 0.5 ml) was collected from the tail vein into Eppendorfs. Blood (30 µl) was resuspended in RPMI 1640 medium supplemented with 10% (v/v) FCS (1 ml), underlain with LymphoPrep (100 µl) and centrifuged at 200 g for 4.5 min at 4˚C.
Comet analysis (single cell gel electrophoresis)
DNA instability (strand breaks, misincorporated uracil, oxidized purines and oxidized pyrimidines) was measured using the alkaline comet assay or single cell gel electrophoresis (Duthie et al, 1996; Duthie and Hawdon, 1998) . Isolated rat lymphocytes were resuspended in 80 µl of 1% LMP agarose (w/v in PBS, pH 7.4) and pipetted onto a frosted glass microscope slide precoated with 80 µl of 1% HMP agarose. The agarose was allowed to set for 10 min at 4˚C and the slide incubated for 1 h at 4˚C in lysis solution (2.5 M NaCl, 10 mM Tris, 100 mM Na 2 EDTA and 1% (v/v) Triton X-100 (NaOH to pH 10.0)). The slide was washed 3 times for 5 min each in uracil DNA glycosylase buffer (60 mM Tris-HCl, 1 mM EDTA, 0.1 mg ml -1 BSA, pH 8.0) or endonuclease III/fapyglycosylase buffer (40 mM HEPES-KOH, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg ml -1 BSA, pH 8.0) and blotted with tissue paper. The gel was covered with either 50 µl appropriate buffer or with uracil DNA glycosylase (misincorporated uracil), or endonuclease III (oxidized pyrimidines) or fapyglycosylase (oxidized purines), sealed with a coverslip and incubated at 37˚C for up to 1 h (see figure legends) in a moist atmosphere. The slides were subsequently aligned in a horizontal gel electrophoresis tank (260 mm wide) containing electrophoresis buffer (0.3 M NaOH and 1 mM Na 2 EDTA, pH 12.7) for 40 min before electrophoresis at 25 V for 30 min. The slides were washed 3 times for 5 min each at 4˚C in neutralizing buffer (0.4 M Tris-HCl, pH 7.5) and stained with DAPI.
Fluorescently stained nucleoids (5 µg ml -1 DAPI stock solution) were scored visually (Duthie and Hawdon, 1998) . 100 images per gel (with duplicate gels per slide) were classified according to the intensity of fluorescence in the comet tail and assigned a value of 0, 1, 2, 3 or 4, with 0 representing undamaged cells and 4 representing maximally damaged cells. Accordingly, the total score per gel (in arbitrary units) ranges from 0 to 400. DNA strand breakage is estimated based only on the score obtained from buffer-treated gels. Misincorporated uracil or oxidized pyrimidines and purines are measured by subtracting the visual score obtained from buffertreated gels from the score obtained after incubation with appropriate enzyme (Duthie et al, 1996; Duthie and Hawdon, 1998) . This method of classification has been extensively validated using computerized image analysis (Komet 3.0, Kinetic Imaging Ltd, Liverpool, UK) (Duthie and Hawdon, 1998) .
Preparation of plasma, liver and erythrocytes for measurement of folate, vitamin B 12 and homocysteine and isolation of lymphocyte 'buffy coat'
At the end of the experimental period the rats were killed as described above, the blood collected into EDTA vacutainers, and spun at 2400 g for 15 min at 4˚C. The plasma was aliquoted into 1.5 ml plastic tubes, 'snap frozen' in liquid nitrogen and stored at -80˚C for analysis. The lymphocyte-containing 'buffy coat' (approx. 2 ml in the red blood cell layer) was removed into RPMI 1640 medium supplemented with EDTA (4 mM), layered onto an equal volume of LSM and centrifuged at 700 g for 30 min at room temperature. The lymphocyte layer was decanted and washed twice by centrifuging as described above for 20 min each time. The pellet was resuspended in 90% FCS/10% DMSO (freezing mix) at a final cell density of 3 × 10 6 ml -1 , slowly cooled at -1˚C min -1 in polystyrene, and stored at -80˚C. Cell number was determined using a Neubauer Improved Haemocytometer. Erythrocytes reconstituted to initial blood volume with PBS following plasma separation were aliquoted, 'snap frozen' and stored at -80˚C. The liver was removed, 'snap frozen' and stored at -80˚C. When required, the liver was thawed, homogenized on ice in 0.02 M phosphate buffer (4˚C) and diluted in 0.02 M borate buffer (pH 7.5, 4˚C) for immediate folate analysis. Protein was determined using bovine serum albumin as standard (Lowry et al, 1951 Plasma (200 µl) homocysteine and reduced glutathione (200 µl) were measured by reverse phase HPLC using a DS30 Hcy Homocysteine Assay Kit in combination with a DS30 analyser (Drew Scientific, Barrow-in-Furness, UK).
Samples were reanalysed if the coefficient of variation between duplicates was above 6%.
Statistical analysis
Data are presented as mean ± SEM with number of animals in parenthesis. Significant differences between all experimental groups were analysed by ANOVA followed by Tukey's HSD post hoc test using 'Statistical Package for Social Sciences' (SPSS version 8).
RESULTS
Rats were fed a diet deficient in folic acid (folate-free) and/or in the methyl donors choline (choline-free) and methionine (approx. 70% of requirements) for 10 weeks (Table 1) . Folate deficiency had no significant effect on body weight gain (Group B; Table 2 ). Rats fed either a methionine and choline deficient diet (Group C) or a diet deficient in all three methyl donors (Group D) gained 14% (approx.) less weight than control rats (Table 2) . No behavioural or pathological abnormalities were observed in animals that were fed an experimental diet compared with rats fed a control diet.
Several biomarkers of folate status were determined (Table 2 ). Rats fed a diet deficient only in folic acid for 10 weeks (Group B) had lower plasma folate (approx. 50%), erythrocyte and liver folate (25%) than control rats (Group A). Conversely, rats fed a choline and methionine deficient diet (Group C) had elevated plasma folate levels (approx. 50%). Red blood cell and liver folic acid remained constant in this group. Animals fed a diet deficient in all three methyl donors (Group D) exhibited significantly lower red blood cell and liver folate concentrations than control rats.
However, there was no net decrease in plasma folate levels in this group.
Moderate methyl and folate deficiency were associated with significantly increased plasma homocysteine (approx. 20%) in all groups (Table 2) .
Plasma B 12 was elevated in animals fed a choline and methionine deficient diet and in animals deficient in all three nutrients (Table 2) . However, folate deficiency itself did not affect plasma B 12 levels. Hepatic B 12 concentration did not change in any of the groups throughout the experimental period (Table 2) . Similarly, reduced glutathione was unaffected by dietary manipulation ( Table 2) .
The ability of folate and the methyl donors, choline and methionine to modulate DNA stability was investigated. Lymphocyte DNA strand breakage was induced successively after 4 weeks and 8 weeks on the diets in all deficient groups compared with controls ( Figure 1) . A higher level of strand breakage was associated with choline and methionine deficiency (Group C) than with folate deficiency alone (Group B) after 4 weeks (Figure 1) . The greatest amount of strand breakage was measured in lymphocytes isolated from rats fed the combined folate, choline and methionine deficient diet (Figure 1 ).
Folate deficiency (Group B) increased uracil misincorporation specifically and progressively over the 8-week trial (Figure 2 ). Uracil misincorporation was also increased in rats fed the combined deficient diet (Group D), but only after 8 weeks (Figure 2 ). Choline and methionine deficiency (Group C) did not affect uracil misincorporation at any time throughout the experiment (Figure 2 ). Mineral and vitamin mixes were prepared as described (Grant et al, 1993) with the exception that folic acid and choline chloride were absent. Analyses were performed at the end of the experiment (week 10). Results are mean ± SEM for n = 8. * P < 0.05, where significance refers to differences between Group A and Groups B-D. + P < 0.0005, where significance refers to differences between Group B and Group D. # P < 0.01, where significance refers to differences between Group C and Group D.
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Neither folate deficiency nor choline/methionine deficiency altered the extent of oxidative DNA base damage measured in rat isolated lymphocytes at the end of the 10-week experiment (Figure 3) . However, while there was a significant decrease in the level of oxidized purines at this time in lymphocytes from animals fed the combined deficient diet (Group D) (Figure 3) , the level of oxidized pyrimidines from this group remained unchanged (Figure 3) .
All of the diets caused a fall in the numbers of lymphocytes isolated from whole rat blood; this was particularly evident in rats fed the combined folate, choline and methionine deficient diet (Group D) ( Table 2) . Viability (typically >85% as measured by Trypan blue exclusion) was similar in all groups (data not shown).
DISCUSSION
Low intake of the B vitamin folic acid has been implicated in the development of certain epithelial cell cancers (Glynn and Albanes, 1994; Stolzenberg-Solomon et al, 1999) . Folate deficiency has been hypothesized to increase cancer risk by perturbing DNA synthesis and repair and negatively affecting DNA stability (Blount et al, 1997; Duthie, 1999; Kim, 1999) .
Folate is important in the metabolism and regeneration of the dietary methyl donors choline and methionine. In this study we have investigated the effects of in vivo folate, choline and methionine deficiency on DNA stability in rat lymphocytes. Lymphocytes are exquisitely sensitive to folate depletion and have proved to be a useful surrogate biomarker for investigating the influence of nutrition in human population biomonitoring (Duthie et al, 1996) .
DNA strand breakage increased progressively in rats fed either a folate-or a methionine-and choline-deficient diet. Moreover, depleting the diet of methionine and choline in addition to folate had an even greater effect on strand breakage, suggesting that DNA strand breakage, as a result of methyl donor deficiency, occurs relatively non-specifically. Folate depletion in vitro causes strand break accumulation in repair-deficient Chinese hamster ovary cells (Melnyk et al, 1999) , while methyl deficiency in vivo increases DNA strand breakage in rat liver (Pogribny et al, 1995) . Methyl donor-deficiency-induced disruption in DNA repair mechanisms could explain the general increase in DNA strand breakage.
In contrast, increased uracil misincorporation (above endogenous levels) was detected only in lymphocytes from rats consuming a low folate diet. Folate deficiency inhibits thymidine synthesis so that the ratio of intracellular dUTP:dTTP is increased and uracil is misincorporated into DNA . 'Catastrophic repair' of uracil destabilizes the DNA molecule, leading to chromosomal aberrations and malignant transformation (Reidy, 1987 (Reidy, , 1988 Melnyk et al, 1999) . Myeloid cells made folate-deficient in vitro and bone marrow cells isolated from megaloblastic anaemia patients contain high levels of uracil Fida, 1993, 1994) . Similarly, the The effect of methyl donor deficiency on DNA strand breakage in rat lymphocytes. Rats were either fed a control diet (Group A) or a diet deficient in folic acid (Group B), choline and methionine (Group C) or a diet deficient in all 3 methyl donors (Group D) for up to 10 weeks. DNA strand breakage was measured in isolated rat lymphocytes. Two rats from each of the four experimental treatment groups were analysed together on four separate occasions per timepoint. Results are mean ± SEM (n = 8). *P < 0.00002, where significance refers to differences between Group A and Groups B-D after 4 weeks on the diet. + P < 0.005, where significance refers to differences between Group A and Groups B-D after 8 weeks on the diet. # P < 0.02, where significance refers to differences for each group between strand breakage after 4 weeks and 8 weeks on the same diet Figure 2 The effect of methyl donor deficiency on uracil misincorporation in rat lymphocytes. Rats were either fed a control diet (Group A) or a diet deficient in folic acid (Group B), choline and methionine (Group C) or a diet deficient in all 3 methyl donors (Group D) for up to 10 weeks. Uracil was measured in isolated rat lymphocytes. Two rats from each of the four experimental treatment groups were analysed together on four separate occasions per timepoint. Results are mean ± SEM (n = 8). *P < 0.0002, where significance refers to differences in uracil levels between rats fed a control diet (Group A) for 4 weeks and rats fed either a diet deficient in folic acid (Group B) or a diet deficient in folic acid, choline and methionine (Group D). + P < 0.01, where significance refers to differences in uracil levels between rats fed a diet deficient in folic acid (Group B) for 4 weeks or 8 weeks or a diet deficient in folic acid, choline and methionine for 4 weeks or 8 weeks (Group D) The effect of methyl donor deficiency on oxidized DNA bases in rat lymphocytes. Rats were either fed a control diet (Group A) or a diet deficient in folic acid (Group B), choline and methionine (Group C) or a diet deficient in all 3 methyl donors (Group D) for up to 10 weeks. Oxidized pyrimidines and oxidized purines were measured in isolated rat lymphocytes. Two rats from each of the four experimental treatment groups were analysed together on four separate occasions per timepoint. Results are mean ± SEM (n = 8). *P < 0.03, where significance refers to differences in oxidized purine levels between rats fed a control diet (Group A) for 8 weeks and rats fed a diet deficient in folic acid, choline and methionine (Group D) chemotherapeutic agent methotrexate (a dihydrofolate reductase inhibitor) significantly increases the intracellular ratio of dUTP to dTTP in human lymphoid cells and induces uracil misincorporation into DNA in vitro (Goulian et al, 1980) . Uracil is also increased in liver DNA from hepatectomized rats exposed to methotrexate or untreated rats fed a combined folate/methyldeficient diet (Blount and Ames, 1994; Pogribny et al, 1997) .
In the present study, choline and methionine deficiency alone did not increase uracil levels in lymphocyte DNA suggesting that this mechanism is specific for folate deficiency.
While folate deficiency alone induced a progressive and time-dependent increase in uracil in lymphocyte DNA, surprisingly, rats consuming the combined folate/methyl-low diet displayed elevated uracil levels only after 8 weeks on the diet. Uracil misincorporation in these groups is probably linked with folate concentration. Plasma, red blood cell and liver folate concentrations were all significantly reduced in rats fed only a folate-free diet; the animals, which showed a dramatic increase in uracil levels after just 4 weeks. In rats fed the combined deficient diet, erythrocyte and hepatic folate stores were similarly affected but plasma folate remained unchanged (Table 2) . In this group, the induction of uracil was delayed (8 weeks) compared with rats fed only the folate-free diet. Moreover, choline and methionine deficiency alone did not affect folate stores and indeed significantly increased plasma folate. Uracil misincorporation was not increased in this group. These results also support the observation that DNA strand breakage is not entirely dependent on folate concentration but reflects methyl-donor status in general. Alternatively, it may be that the combined folate, methionine and choline deficiency was intensely stressful on the lymphocytes, inducing apoptosis and effectively removing severely damaged cells from the sample population. Indeed, the level of circulating lymphocytes recovered was significantly reduced in rats made folate (15%) or choline and methionine deficient (22%) in the present study. Furthermore, lymphocyte number was decreased more than 30% in rats fed the diet deficient in folate, methionine and choline. Severe folate deficiency in mice induces p53 expression and apoptosis in splenic erythroblasts (Koury and Horne, 1994) . Moreover, uracil and p53 protein accumulates in these cells (Koury et al, 1995) . Similarly, hepatocytes from folate/methionine/choline-deficient rats or immortalized rat hepatocytes grown in choline-deficient media undergo apoptosis (Albright et al, 1997; James et al, 1997) . Hepatocytes, selected to survive under cholinedeficient conditions, are capable of malignant transformation in vivo (Albright et al, 1997) .
Choline deficiency may induce hepatocarcinogenesis by inhibiting phase II detoxifying enzyme activities and increasing oxygen-radical-mediated membrane peroxidation and DNA damage (Nakae et al, 1998) . However, in our study, oxidative DNA base damage (pyrimidines and purines) was unaffected by folate or choline and methionine deficiency and, likewise, declined in animals fed the combined deficient diet. Again, this may be due to apoptosis of severely damaged lymphocytes in this group. Moreover, reduced glutathione concentrations were unaltered in all the experimental groups compared with controls. These data suggest that folate and methyl-donor deficiency, at this level, do not induce oxidative stress. Moreover, they support the theory that folate deficiency induces uracil misincorporation specifically.
In summary, consumption by rats of a folate-free diet for 10 weeks created a moderate folate deficiency, as indicated by a 25-50% decrease in plasma, red blood cell or hepatic folate concentrations and a 20% rise in plasma homocysteine, a functional marker for folate status. DNA stability was modulated by folic acid. Folate deficiency markedly increased DNA strand breakage and misincorporated uracil in isolated rat lymphocytes. Dietary methyl donor-deficiency increased DNA strand breakage but did not elevate uracil levels in DNA, indicating the specificity of this lesion in folate deficiency.
